INTRODUCTION
The conventional descriptions of the arteries of the hand (Cunningham,' Grant,' Gray,7 and Morris") depict a superficial volar arch formed by anastomosis of the ulnar and superficial volar radial, or occasionally the volar radial index arteries, and a deep arch formed by the radial and deep ulnar arteries. These are the major ulnar-radial anastomoses.
From the ulnar artery arise a proper digital artery to the ulnar side of the fifth digit, and three common volar digital arteries that bifurcate to form proper volar digital arteries to adjacent sides of the fifth, fourth, third, and second digits (Fig. 1) .
The radial artery passes to the dorsum of the hand and gives off a dorsal carpal branch, which anastomoses with a corresponding branch of the ulnar (and interosseous arteries), forming a dorsal carpal arch. From this arch arise the second, third, and fourth dorsal metacarpal arteries and a small dorsal digital branch to the ulnar side of the fifth finger (Fig. 2) . Each of these, except the last, bifurcates to form dorsal digital arteries, which supply the adjacent sides of the last four digits. The dorsal metacarpal arteries anastomose with the deep volar arch and common volar digital arteries by superior and inferior perforating arteries. The radial artery, after the dorsal carpal branch, gives off a first dorsal metacarpal, which bifurcates into branches to the first and second digits. These branches may arise from the radial artery independently. The radial artery then passes to the palmar aspect of the hand between the heads of origin of the first dorsal interosseous muscle. It traverses the deep palm to anastomose with the deep ulnar branch of the ulnar artery, thus completing the deep arch (Fig. 1) .
From the deep arch arise the princeps pollicis which bifurcates into two proper digital arteries of the first digit, the volar radial index artery supplying the radial aspect of the second digit, and three volar metacarpal arteries. The volar radial index and volar metacarpal arteries anastomose with the corresponding common volar digital arteries at the bifurcation of the latter.
Thus apart from the two major ulnar-radial arterial anastomoses the classical descriptions indicate anastomosis between the dorsal metacarpal and common volar digital arteries, and between the volar radial index and volar metacarpals and the common volar digital arteries. A fifth and occasional anastomosis is mentioned as occurring between the volar radial index artery and superficial arch. Excellent studies of the different parts of the arterial system of the hand have been made by Adachi1 and by Dubreuil-Chambardel.' In the present work attention has been directed to the arterial system as a whole and to ulnar-radial anastomoses.
MATERIALS AND METHODS
The ulnar and radial arteries of 250 hands in embalmed cadavers were injected with either plastic or acetone to which dyes were added, and all branches were dissected and recorded, including median arteries when they were present. One hundred sixtythree hands were from Connecticut, 74 from Indiana, and 13 from Puerto Rico. One hundred thirty-one specimens were right hands; 119 were left hands. The cadavers were predominantly males in the fifth through eighth decades at the time of death.
In 113 hands the outer diameters of all branches were measured to within 0. 
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Anastomosis between a dorsal radial carpal and dorsal ulnar carpal artery of significant size did not occur; very rarely did it occur directly between the superficial arch and the volar radial index artery. However, anastomosis between a branch of the princeps pollicis artery and the superficial arch, not often described classically, was very common.
Details of these five types of anastomosis are described under "Major patterns"; anastomoses occurring in hands with median arteries are discussed separately.
B. Frequency of combination of anastomotic types. Table 2 gives the type or combination of types of anastomosis between the radial and ulnar arteries and between the radial, ulnar, and median arteries in individual hands. Very few hands had either no anastomosis or all five anastomoses; most had three. Allowing for the almost invariable presence of a deep ulnar/deep arch (U) anastomosis almost every combination that could be postulated actually occurred. However, 125 hands, or half of the sample, had anastomotic patterns in the sequence U, UP, UPD, UPDR, and UPDRM. Each of these combinations was the commonest in hands with one, two, three, four, or five types of anastomosis.
Twenty-four hands, or 10 per cent of the sample, had a median artery in addition to the ulnar and radial arteries. Such hands are discussed separately below. U-deep ulnar/deep arch anastomosis only (Fig. 3) .
This was the only anastomosis between ulnar and radial arteries in 17 hands, or 7 per cent of the entire sample ( region of the bifurcation and passed superficial to the hypothenar muscles to join the deep arch. Consequently, this artery has been represented thus in all except Figure 1 .
In 33 hands, or 15 per cent, two deep ulnar arteries occurred, one arising from the main stem and passing through the hypothenar muscles and the other either arising from the bifurcation region or from the proper digital adjacent to it and passing superficial to the hypothenar muscles. In two hands, or 1 per cent, there were three deep ulnar arteries, one in each of the three described positions.
In the hands with only a deep ulnar/deep arch anastomosis, the superficial arch ended as (a) a common volar digital to the adjacent sides of the third and fourth digits (6 cases), (b) as a common volar digital to the adjacent sides of the second and third digits (6 cases- Fig. 3 ), or (c) extended radially to supply adjacent sides of the first and second digits (5 cases). In types (a) and (b) above, a superficial volar radial artery occasionally (4 cases) supplied the adjacent sides of the first and second digits; in all other hands this artery terminated in the thenar muscles and it never anastomosed with the superficial arch. The superficial arch did not anastomose with a branch of the princeps pollicis artery.
When the superficial volar arch only reached the adjacent sides of the third and fourth digits, the volar radial index artery was enlarged and supplied the adjacent sides of the second and third digits. No common volar digital artery anastomosed with a volar radial index, volar metacarpal, or dorsal metacarpal artery.
In 19 of the 226 hands (8 per cent) a large perforating branch from the second dorsal metacarpal artery passed volarward between the bases of the second and third metacarpal bones to make a significant contribution to the deep volar arch. Table 2 ). However, the superficial arch/princeps pollicis anastomosis was found in 150 hands or 66 per cent of the 226 hands with ulnar and radial arteries only ( Table 1) .
The deep ttlnar/deep arch anastomoses have been described above. The superficial arch reached radially to the interval between the first and second digits; it gave a branch, the superficial volar radial index artery, to the radial side of the second digit and a branch to the ulnar side of the first digit (except in one hand only a superficial volar radial artery occurred).
From this radialward extension the superficial arch/princeps pollicis anastomosis was formed with a branch from the main stem of the princeps pollicis artery (Figs. 4 and 5-14 cases), with one of the proper digital branches of the princeps pollicis artery (6 cases), or with both a branch from the main stem and a proper digital branch of the princeps pollicis artery (4 cases). In three of the 24 hands the volar radial index artery supplied the adjacent sides of the second and third digits; and in one hand a volar metacarpal artery supplied the adjacent sides of the third and fourth digits. However, there was never any anastomosis between the volar radial index or the volar metacarpal and the corresponding common volar digital artery; the latter was absent. In one hand a superficial volar radial artery supplied both sides of the first digit (in addition to the proper digital branches of the princeps pollicis artery) but did not anastomose with the superficial arch. All other superficial volar radial arteries terminated in the thenar muscles. No dorsal metacarpal artery anastomosed with a common volar digital artery.
There were two sites for the superficial arch/princeps pollicis anastomosis (Table 4 ). In 48, or 32 per cent, of the 150 hands with this anastomosis the branch of the superficial arch to the first digit joined a proper digital branch of the princeps pollicis artery. Usually this anastomosis was on the ulnar side of the first digit; in four hands the branch of the superficial arch bifurcated and each subdivision joined the corresponding proper digital branch of the princeps pollicis artery.
In 78, or 52 per cent, of the 150 hands a special branch of the princeps pollicis artery arose from its main stem deep to the adductor pollicis. This special branch passed over the distal border of the adductor pollicis usually to join the branch of the superficial arch to the ulnar side of the first digit (Fig. 4) but sometimes that to the radial side of the second digit (the superficial volar radial index artery). In the remaining 24 hands, or 16 per cent of the 150, anastomosis of the superficial arch occurred both with a special branch and with a proper digital branch of the princeps pollicis artery.
The princeps pollicis artery itself usually arose from the radial artery immediately after the latter had penetrated from the dorsum of the hand volarward between the two heads of origin of the first dorsal interosseous muscle (Fig. 2) . However, in 14 of the 150 hands it arose immediately before this penetration. The artery then ran distally on the superficial (dorsal) aspect of the radial origin of the first dorsal interosseous muscle for approximately half (11 hands) or all (3 hands) of the width of the muscle. The princeps pollicis artery then either penetrated the dorsal interosseous (Fig. 6 ) or passed over its distal border to wind around the first metacarpal between the bone and the adductor pollicis to reach the volar aspect of the first digit as described classically. In such hands the special branch of the princeps pollicis artery usually continued in the superficial (dorsal) position when the main stem penetrated the dorsal interosseous and passed over the distal border of this muscle and the adductor pollicis to join the superficial arch or, if the princeps pollicis remained dorsal itself, arose as the latter passed over the distal border of the interosseous.
In 24 of the 102 hands having a special branch of the princeps pollicis artery this branch did not arise directly from the princeps pollicis artery but from the radial artery at or just proximal to its origin. Such branches passed superficial (dorsal) to the first dorsal interosseous either on its radial or ulnar origin before crossing over the distal border of the muscle. Special branches of the princeps pollicis artery with this course resemble the first dorsal metacarpal artery but, because of transitional forms between these and special branches arising from a superficial (dorsal) princeps pollicis artery (and because minute but separate first dorsal metacarpal arteries occurred in the same hands), they have been considered as analogous to other special branches of the princeps pollicis artery. This combination was the most frequent where three types of anastomosis were present in the same hand. It occurred in 54 hands (half of those with three anastomoses and 22 per cent of the total sample, Table 2 ). The common volar digital/volar metacarpal (or volar radial index) anastomosis occurred alone or in combination in 127 hands (56 per cent, Table 2 ).
The deep ulnar/deep arch and superficial volar arch/princeps pollicis anastomoses have been described above. In 47 of the 54 hands (Fig. 7) the volar radial index artery was relatively large and joined the adjacent common volar digital artery (usually at the bifurcation of the latter, but sometimes proximally, and rarely distally when it anastomosed with a proper digital). In 24 of these 47 hands one or more volar metacarpal arteries made a similar anastomosis with the corresponding common volar digital arteries in addition. In the remaining seven hands the adjacent sides of the second and third digits were usually supplied by the volar radial index artery, there being no corresponding common volar digital, and the anastomosis was formed by one or more of the more medial volar metacarpal arteries with corresponding common volar digitals. Only one hand in the 54 had a superficial volar radial artery extending beyond the thenar muscles, and this was unique in that it joined the deep arch. Thus no hand in this group had a superficial volar arch/superficial volar radial or a common volar digital/dorsal metacarpal anastomosis.
The anastomoses between common volar digital and volar metacarpal or volar radial index arteries for the 127 hands were tabulated ( Table 5 ). The most frequent site involved the volar radial index either alone (56 per cent of hands with a common volar digital/volar metacarpal anastomosis) or in combination with a volar metacarpal. The second or third common volar digital was involved in only 24 per cent in each case, and the fifth finger's ulnar proper digital in only 6 per cent.
In addition to the anastomoses, 22 of the 127 hands had adjacent sides of two digits supplied by the volar radial index (8 cases; adjacent sides of the second and third digits) or the third volar metacarpal artery only (14 I BROWNING, MORTON cases; the fourth and fifth digits, and the ulnar side of the fifth digit also in 10 cases).
In hands without a common volar digital/volar metacarpal anastomosis the volar radial index artery supplied the adjacent sides of the second and third digits in 10 cases and the third volar metacarpal, the ulnar side of the fifth digit in 10 cases in the absence of a corresponding common volar digital artery; and in 2 other cases adjacent sides of the third and fourth digits were supplied by the second volar metacarpal artery. Table 1) .
The patterns of the first three anastomoses already have been described. The superficial volar arch/superficial volar radial anastomosis was identical in the hands with four anastomoses and in the entire sample. The superficial volar branch of the radial artery passed through or over the superficial layers of the abductor pollicis brevis and flexor pollicis brevis to anastomose with the radial end of the superficial arch (Fig. 8). (In one hand the artery, after entering the thenar muscles, penetrated the flexor retinaculum at about its mid-point to enter the palm deep to the retinaculum.) Occa- sionally the artery gave a branch, distinct from the "proper digital" branches of the superficial arch to the adjacent sides of the first and second digits, to the radial side of the first digit. Similar superficial volar radial arteries occurred in 17 other hands, or 7 per cent of the entire sample, but did not anastomose with the superficial arch. In such cases the "proper digital" arteries to adjacent sides of the first and second digits arose from these arteries rather than from the radial end of the superficial arch. In the remaining 135 hands the superficial volar radial artery terminated in the thenar muscles. Only three hands, or about one per cent of the entire sample, showed all five types of anastomosis (Table 2) . In these hands, in addition to the previously described anastomoses, a common volar digital/dorsal metacarpal anastomosis usually was effected by the second dorsal metacarpal artery n BROWNING, MORTON passing distal to the heads of the second and third metacarpal bones, entering the palmar aspect of the hand, and joining the corresponding common volar digital artery at its bifurcation into proper digital arteries.
The same type of anastomosis occurred alone or in different combinations in 55 hands, or 24 per cent of the entire sample ( Table 1 ). The anastomosing dorsal metacarpal artery was almost always the second, but occasionally the third or fourth, either alone or in combination ( Table 6 ). The junction with the corresponding common volar digital artery was also almost always at the bifurcation but occasionally was with a proper digital artery (Fig. 5) . The dorsal carpal arch and dorsal metacarpal arteries were of insignificant size in 94 hands; the presence of one or more dorsal metacarpal arteries in the remaining 156 hands is shown in Table 7 , regardless of anastomotic connections with the common volar digital arteries. A first dorsal metacarpal artery (with either a branch lying superficial to the radial or ulnar head of the first dorsal interosseous muscle, or both branches) and a second dorsal metacarpal artery occurred frequently. A third or a fourth dorsal metacarpal artery was uncommon. Special branches of the princeps pollicis artery anastomosing with the superficial arch that took a similar course to a first dorsal metacarpal artery (Table 4) have not been included here. Table 8 shows the mean diameters and relative cross-sectional areas of the major arterial branches and their anastomoses. The ulnar and radial arteries at the wrist, and the superficial volar arch and the radial artery on the dorsum of the hand were of the same order of size. However, after the origin of the princeps pollicis and volar radial index arteries, the deep arch had a cross-sectional area of less than half that of the superficial arch.
D. Arterial size
The proper digital, princeps pollicis, superficial volar radial, and median arteries and the deep arch were of the same order of size. So were the anastomotic connections between the common volar digital and volar metacarpal (or volar radial index) arteries and between the superficial volar arch and superficial volar radial artery. Anastomotic connections between the deep ulnar and deep arch, superficial volar arch and princeps pollicis, and between the common volar digital and dorsal metacarpal arteries had somewhat more than half this cross-sectional area.
The dorsal carpal arch and second dorsal metacarpal artery were small, having only one-sixth the cross-sectional area of a common volar digital artery, unless the second dorsal metacarpal anastomosed with a common volar digital artery (when its cross-sectional area was approximately doubled). The first dorsal metacarpal, or its branches, had a cross-sectional area of one twenty-fifth of a common volar digital artery. The other dorsal metacarpal arteries, unless anastomosing with a common volar digital artery, were of similar size to the first. With the exception of the second dorsal metacarpal artery, the entire dorsal arch and its branches were relatively unimportant.
The radial side of the second digit and the ulnar side of the first digit often received a double arterial supply, the former from a superficial volar radial index artery from the superficial arch and from the volar radial index artery from the deep arch, and the latter from the ulnar bifurcation of the princeps pollicis and from a "proper digital" branch of the superficial arch. In both cases there tended to be reciprocal modification in size of either of the two branches concerned. If the superficial volar radial index artery was small or absent, then the volar radial index artery was large so that the total arterial supply remained of the same order as a proper digital artery. The ulnar branch of the princeps pollicis artery had a similar reciprocal size relationship with the branch of the superficial arch supplying the same side of the first digit. However, in the first digit, the ulnarward blood supply exceeded the radialward in a ratio of 4 to 2%4 despite the reciprocal size differences.
The volar radial index artery had a cross-sectional area of 1. _ .
artery anastomosed with a common volar digital artery, its cross-sectional area tended to be increased to the order of a proper digital artery.
In general, the cross-sectional area relations indicated that the first digit and the radial side of the second were supplied by the radial artery and the remaining digital areas by the ulnar artery; but the adjacent sides of the second and third digit often received a major supply from the radial artery either by the volar radial index or by the second dorsal metacarpal artery.
E. Median arteries ( Table 2) Median arteries were found in 24 specimens (10 per cent). In most instances they came from the proximal portion of the ulnar artery or from the common or volar interosseous branches and passed down the forearm with the median nerve. In two specimens they arose from the radial artery in the middle of the forearm.
The commonest anastomotic pattern in the 24 hands was UPD, which was present nine times (38 per cent). The main distribution of the median artery in the hands was to all or part of the first two and one-half fingers (19 hands). In 17 hands it anastomosed with the radial artery, in 11 with the ulnar artery, and in four it formed no anastomoses.
In two hands the median and radial artery jointly supplied the first two and one-half fingers, and the ulnar the remaining fingers, but there was no demonstrable anastomosis in the hand between the ulnar artery and the radial-median complex.
F. Anomalies of the radial and ulnar arteries
The radial and ulnar arteries of 173 upper extremities were examined. Twenty radial and 16 ulnar arteries were anomalous. The commonest anomaly was high bifurcation of the brachial or axillary artery to form the radial and ulnar arteries. This occurred in 14 specimens (8 per cent), and the bifurcation ranged from the second part of the axillary artery to the lower brachial artery just above the antecubital fossa. In five specimens (3 per cent) the radial artery was formed by the junction at the antecubital fossa of a branch from the axillary or upper brachial artery with a second branch from the normal bifurcation of the brachial. Two ulnar arteries and one radial artery ran down the forearm entirely superficial to the volar antebrachial muscles. Seventy-six pairs of hands were examined for similarity of relationship of the deep branch of the ulnar nerve and the deep volar arch. The relationship was the same in both hands in 52 pairs (68 per cent), and differed in 24 hands (32 per cent).
DISCUSSION
The above studies indicate the misleading character of some textbook descriptions of the arterial pattern in the hand. The most impressive feature was the inconstancy of the arteries. This was particularly true of the dorsal and volar metacarpal arteries and the superficial volar branch of the radial. The proper volar digital artery to the radial and ulnar side of each finger was always present, but its origin varied considerably. The proper volar digital arteries to the adjacent sides of the index and middle fingers frequently received an augmented blood supply from the volar radial index and second dorsal metacarpal arteries.
Textbooks often describe the superficial volar arch as being completed on its radial side by anastomosis with the volar radial index or superficial volar branch of the radial artery. However, in this study it was most frequently completed by anastomosis with the princeps pollicis (150 hands), rather than the superficial volar branch (74 hands) or the volar radial index artery (very rarely). The deep arch was more constant, being derived from the deep branch of the ulnar and the palmar continuation of the radial in 94 per cent of the hands. Large anastomoses between common volar digital and volar metacarpal arteries were frequent (56 per cent) but variable.
Some anatomical basis may be offered for the reports of gangrene of the thumb and index finger after interruption of the radial artery at the wrist. In 31 of 250 hands (12 per cent) there was absent or reduced radio-ulnar anastomosis. Six hands had no demonstrable anastomosis, and 25 had only one, usually by way of a small deep volar arch (17 hands) with an average cross-sectional area of only one-fifth that of either the radial or ulnar artery. The remainder of the hands had two or more anastomoses, which should provide adequate collateral circulation since the smallest average cross-sectional area was almost half that of the radial or ulnar artery. With three or more anastomoses the cross-sectional area was almost equal to, or greater than the 10 mm.2 average of the radial or ulnar. The cross-sectional area determinations give only a general relationship of arterial capacity since they do not account for variations in thickness of arterial walls. Of the entire group of hands, 88 per cent had more than one of the above types of anastomosis and, on the basis of cross-sectional area calculations in 113 hands, would probably have had adequate collateral circulation if the radial or ulnar artery had been interrupted. Of the various combinations of anastomoses, UP, UPD, UPDR, and UPDRM were the most commonly encountered in 10, 22, 11, and 1 per cent of the total of hands. Twelve per cent had only one anastomosis (25 hands) or none at all (6 hands) and probably had inadequate collateral channels.
The average diameters of the various arteries and anastomoses were determined in 113 hands and their cross-sectional areas were calculated and averaged.
In 173 upper extremities, 20 radial and 16 ulnar arterial anomalies were noted, the commonest anomaly being their formation by a high bifurcation of the brachial or axillary artery (14 arms).
In 226 hands, the deep branch of the ulnar nerve lay posterior to the deep volar arch in 50 per cent and anterior in 46 per cent.
Examination of 100 corresponding pairs of right and left hands revealed similarity in the pattern of anastomoses in only 21 per cent.
